Introduction
Adrenocortical carcinoma (ACC) is a rare endocrine malignancy with a poor prognosis. 1 The majority of ACC patients have metastasis at the time of diagnosis, resulting in a 5-year survival rate of 35%. 2 Complete surgical resection remains the standard of care today. Other commonly used pharmacological interventions include the adrenotoxic drug mitotane (o,p′-DDD), which is administered either alone or in combination with other cytotoxic chemotherapy, such as etoposide, doxorubicin, and platinum agents.
Recently, we showed that the novel semisynthetic withalongolide A 4,19,27-triacetate (WGA-TA), from the plant Physalis longifolia, targets several oncogenic pathway proteins implicated in ACC. 4 This toxicity occurs through a combined mechanism of induction of an oxidative stress response in cancer cells and functional inhibition of the molecular chaperone HSP90 through its interaction with the cochaperone CDC37. 4 Although WGA-TA has shown great efficacy both in vitro and in vivo, one significant limitation of its translational development has been its low aqueous solubility. 5 ACC cells require cholesterol for steroidogenesis and are known to express SRB1 to take up cholesterol from circulating high-density lipoprotein (HDL). 6 Many patients with advanced ACC develop steroid oversecretion, 7 and specific patient-derived ACC cell lines have been classified as "high cortisol secretors" (H295R) or "steroid nonsecretors" (SW13). 8, 9 In addition to ACC cells, lymphoma, prostate, breast, and ovarian cancers have also been found to overexpress SRB1 receptors. [10] [11] [12] In fact, in recent years, high SRB1 expression has emerged as an indicator of aggression in both prostate and breast cancers and a predictor of poor survival. Therefore, nanoparticles that recognize SRB1 receptors can potentially improve the targeted delivery of drugs to a wide range of different cancers.
HDL is an endogenous nanoparticle of 8-14 nm diameter and mainly composed of lipids and apolipoproteins, with apolipoprotein A 1 (ApoA 1 ) acting as the main protein component. 13 The primary function of endogenous HDL involves the efflux of excess cholesterol from cells in peripheral tissues and delivering it to the liver for metabolism. In addition to cholesterol, hormones, vitamins, signaling lipids, microRNAs, enzymes, and even hydrophobic drugs have been found to associate with HDL, by partitioning into the hydrophobic core of nanoparticles, insertion in the lipid layer, or binding to the negatively charged particle surface.
14,15 Therefore, with its smallness and large surface area, HDL has emerged as an important vascular carrier of lipophilic products.
Several groups have utilized biomimetic HDL nanodisks for drug delivery purposes. [16] [17] [18] [19] Most biomimetic HDL is prepared with full-length ApoA 1 protein, either purified from plasma or produced by recombinant means, which is then combined with lipids and drugs in the presence of surfactant to form HDL nanodisks. In most cases, the resulting nanoparticles have heterogeneous size distribution with average particles larger than endogenous HDL, and thus require purification prior to use. 20 The resulting ApoA 1 expression/purification and HDL assembly processes are technically complex and expensive; moreover, the process does not assure the removal of clinically unacceptable impurities, such as endotoxins, surfactants, and particulates. To circumvent some of these technical issues, our laboratory utilizes a fully synthetic ApoA 1 -mimetic peptide, 22A, to prepare highly homogeneous synthetic HDL (sHDL) with an average diameter of 10-12 nm. The surfactant-free assembly process involves colyophilization of ApoA 1 peptide, phospholipids, and anticancer or imaging agents from organic solvent solution, followed by hydration with buffer to form sHDL. [21] [22] [23] This specific ApoA 1 peptide and the same process for nanoparticle assembly were used to prepare ETC642, an HDL product for treatment of cardiovascular diseases. 24, 25 In clinical studies, ETC642 was found to have long plasma residence (~8 hours) and to be safe when administered at 30 mg/kg peptide (90 mg/kg total components) by weekly intravenous (IV) administration. 15, 26 Prior clinical safety data with ETC642 can facilitate clinical translation of sHDLmediated drug delivery for treatment of adrenal diseases.
In the present study, we first characterized expression levels of SRB1 in various ACC cell lines. Next, we explored cellular uptake of fluorescently labeled HDL nanoparticles in both high (H295R) and low (SW13) SRB1-expressing ACC cell lines and examined the extent to which SRB1 mediated cellular uptake. We then confirmed accumulation of sHDL in ACC tumor xenografts in vivo. For this, we optimized a phospholipid composition of biomimetic sHDL to encapsulate the novel natural product derivative WGA-TA and characterized nanoparticle size, morphology, drug-loading, and drugrelease kinetics. The cytotoxicity of WGA-TA-sHDL was confirmed in vitro and then compared in vivo with free drug, blank HDL, and a model standard-of-care chemotherapy treatment using H295R tumor xenografts.
Materials and methods Materials
Phospholipids, including 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), egg sphingomyelin (SM), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and "egg-yolk phosphocholine" (EPC) were purchased from NOF America (White Plains, NY, USA). ApoA 1 -mimetic peptide was synthesized by GenScript (Piscataway, NJ, USA). WGA-TA was provided by Dr Barbara N Timmermann (University of Kansas). The fluorescent dyes DiO and DiR were purchased from Thermo Fisher Scientific (Waltham, 
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Preparation of Wga-Ta-loaded shDl
Lipid mixtures (DPPC, SM, DMPC, POPC, DOPC, and EPC), 22A peptide, and the anticancer drug WGA-TA were dissolved in glacial acetic acid at predetermined ratios (Table 1) . Acetic acid was removed by freeze drying, and the powder was hydrated at 15 mg/mL 22A peptide concentration with phosphate buffered saline (PBS) (pH 7.4). The suspension was cycled three times between 50°C (3 minutes) and 20°C (3 minutes) with gentle shaking to obtain drug-loaded sHDL nanoparticles. The fluorophore-loaded sHDL was prepared using the same protocol, but the anticancer drug was instead replaced with DiO or DiR dye at a 2:1:0.02 weight ratio of phospholipids to 22A peptide to dye.
characterization of Wga-Ta-loaded shDl
Drug encapsulation efficiency was determined using desalting column centrifugation. Briefly, WGA-TA-sHDL was passed through the desalting column (cutoff 7,000 Da) to remove any unencapsulated drug. Ethanol was added to break sHDL and dissolve the drug before high-performance liquid chromatography (HPLC) analysis. 27 WGA-TA concentration was determined by HPLC using isocratic elution with 35% A (water with 0.1% acetic acid) and 65% B (methanol with 0.1% acetic acid) at a flow rate of 0.7 mL/min. A C 18 column (250×4.6 mm) was used for separation, and the detector wavelength was set at 230 nm. Dynamic light scattering (DLS) and gel permeation chromatography (GPC) were employed for analysis of average size, size distribution, and purity of WGA-TA-loaded sHDL nanoparticles. For DLS, 10 μL of the sHDL was diluted to 1 mL with PBS before measurement on a Malvern Zetasizer Nano. For GPC, 40 μL of the sHDL formulation (0.5 mg/mL 22A peptide) was injected into the HPLC equipped with a TSK 2000 GPC column.
The flow rate was set at 0.7 mL/min, and the detector wavelength was 220 nm. Morphology of sHDL particles was further characterized by transmission electron microscopy (TEM). All images were acquired on a JEM-1200EX electron microscope (JEOL, Tokyo, Japan) equipped with an AMT XR-60 digital camera (Advanced Microscopy Techniques, Woburn, MA, USA). 28 To evaluate the in vitro release profile of drugs, 1 mL of 0.15 mg/mL free drug (dissolved at 0.3 mg/mL in dimethyl sulfoxide and diluted to 1 mL with PBS) or 1 mL of 0.15 mg/mL WGA-TA-loaded sHDL was added to a dialysis bag (6-8 kDa), which was sealed and placed in 200 mL PBS (pH 7.4) containing 0.1% Tween 80. 29, 30 The contents were shaken gently at 100 rpm in a 37°C air bath shaker. An equal amount of free drug was directly added to the release medium to mimic complete drug release. At predetermined time points, 2 mL of the release medium was sampled, and an equal volume of fresh release medium was added back. The amount of drug in the media was quantified by reverse-phase HPLC. Cumulative release was calculated:
where C t is the concentration of WGA-TA in the release media and C max is the concentration of WGA-TA when the drug was completely released.
cell culture
Human ACC cell lines H295R (high cortisol secretor) and SW13 (nonsecretor) were obtained from ATCC. RL251 (nonsecretor) was derived using a clinical protocol approved by the Institutional Review Board at the University of Michigan Hospital and validated by the provider. 31 H295R cells were grown in 1:1 DDMEM:F12 nutrient mixture (Thermo Fisher Scientific) supplemented with 5% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and ITS (final concentrations 0.001 mg/mL bovine insulin, 0.0055 mg/mL human transferrin, and 6.7 ng/mL sodium selenite; Thermo Fisher Scientific). ACC cell lines SW13 and RL251 were grown in DMEM supplemented with 10% FBS. All cell lines were cultured at 37°C in a humidified incubator with 5% CO 2 .
Quantification of SRB1 expression mRNA and protein expression levels of SRB1 in the ACC cell lines were evaluated by reverse-transcription polymerase Equal amounts of total proteins were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis and then transferred onto a Hybond nitrocellulose membrane (GE Healthcare, Little Chalfont, UK). Membranes were blocked using 5% milk and probed overnight with appropriate dilutions of the primary antibodies (SRB1 or actin) for proteins. Blots were then washed three times with PBST and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5,000 dilution) from Santa Cruz Biotechnology (Dallas, TX, USA). To ensure equal loading of proteins, actin was used as a control. Bands were visualized using enhanced chemiluminescence reagent (Thermo Fisher Scientific). Images were captured on Kodak X-ray film. ImageJ software was used for quantification of Western blot.
Cellular uptake of fluorophore-loaded shDl
The ability of ACC H295R and SW13 cells to recognize sHDL nanodisks and internalize sHDL cargo through the SRB1 receptor was examined after a 2-hour incubation of cells with DiO-labeled sHDL. For confocal microscopy, cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and stained with DAPI. Cellular uptake was then visualized using an A1 spectral confocal microscopy system (Nikon, Tokyo, Japan). Quantification of cellular fluorescent signals was determined using flow cytometry (Cyan5) at an excitation wavelength of 488 nm. To investigate whether sHDL uptake was mediated by SRB1, H295R cells were either pretreated with anti-SRB1 antibody (NB400-113; Novus Biological, Littleton, CO, USA) at 1:100 dilution or preincubated with 100-fold excess of unlabeled sHDL for 1 hour at 37°C. 6 cells suspended in 100 μL PBS were injected subcutaneously into the right flank.
For immunohistochemical analysis of SRB1 receptors, tumors were collected when they were ~6 mm in diameter and fixed in 10% buffered formalin (Fisher Diagnostics). Immunohistochemical staining was performed on an IntelliPath FLX (Biocare Medical, Pacheco, CA, USA) at the Unit for Laboratory Animal Medicine, In Vivo Animal Core, University of Michigan. Briefly, slides were deparaffinized in xylene and rehydrated through graded alcohols to water; then heat-induced epitope retrieval was performed in a Decloaking 
6585
Withalongolide delivery via hDl nanodisks in acc Chamber (Biocare Medical) with Diva (Biocare Medical). Slides were incubated in Peroxidazed 1 (Biocare Medical) for 5 minutes, followed by 30 minutes of incubation in Rodent Block M (Biocare Medical). Rabbit antimouse SRB1 (Novus Biological) antibody was applied for 30 minutes; then SRB1 was detected with Rabbit-on-Rodent HRP polymer (Biocare Medical) for 30 minutes. HRP staining was visualized with DAB (Biocare Medical). Slides were counterstained in hematoxylin (Biocare Medical), rinsed in deionized water, dehydrated through graded alcohols, cleared in xylene, and mounted with Micromount (Leica Biosystems, Nussloch, Germany). Stained slides were imaged with microscopy (Mantra; PerkinElmer, Waltham, MA, USA).
To characterize the biodistribution and tumor-targeting efficacy of sHDL-WGA-TA nanoparticles in vivo, imaging studies were performed in the ACC (H295R) tumorbearing mice when tumors were ~6 mm in diameter. DiR-labeled sHDL nanoparticles (20 μg/mL DiR) were injected into the tail vein or intraperitoneally at 0.2 mL/dose. After 24 hours, animals were killed, and organs (spleen, liver, heart, lung, kidney, brain) and tumors harvested and imaged to characterize biodistribution using a Xenogen IVIS spectrum imaging system (PerkinElmer).
32,33
Inhibition of tumor growth by Wga-Ta shDl nanodisks in h295r xenografts
The ability of WGA-TA-sHDL nanodisks to inhibit tumor growth was examined in H295R xenografts in athymic mice. Tumors were implanted as described earlier, and treatment was started when tumors had reached ~100 mm 3 . Mice were randomized into five groups with eight animals per group: WGA-TA-sHDL (6 mg/kg/day drug, 150 mg/kg/day 22A peptide), WGA-TA (6 mg/kg/day), blank sHDL (150 mg/kg/day 22A peptide), Italian standard-of-care protocol (etoposide 7.5 mg/kg/day, doxorubicin 1.5 mg/kg/day, cisplatin 2.5 mg/kg/day, and mitotane 300 mg/kg/day), and notreatment control. Mice were treated with daily intraperitoneal (IP) injections for 21 days. Tumor length and width measurements were recorded by digital caliper every 3 days for the duration of treatment. Some mice became moribund during treatment and were killed. Average tumor volume was calculated:
Tumor volume (mm ) 6 width length
Following 21 days of treatment, serum was collected for analysis of AST and ALT levels, which were performed at the In Vivo Animal Core Animal Diagnostic Laboratory at the University of Michigan. The normal range of AST and ALT was 39.55-386.05 U/L and 24.3-115.25 U/L, respectively. Histologic analysis was performed following 21 days of treatment to evaluate the liver toxicity of different formulations. Signs of chronic inflammation (defined by the presence of lymphocytes and plasma cells), cellular necrosis, and steatohepatitis were assessed in the liver. "Normal" was assigned to specimens with essentially no pathology, except for a small degree of inflammation comparable to what is seen physiologically. "Mild/moderate/severe" was assigned to specimens with 10%, $10%-50%, and .50% increase in inflammatory cells compared to physiologic state, respectively.
statistical analysis
Data were analyzed statistically using one-way ANOVA Kruskal-Wallis nonparametric tests and two-way ANOVA for comparisons of three or more variables with Dunn or Holm-Sidak multiple comparison tests and two-tailed Student's t-tests for comparisons of two values. P0.05 was considered statistically significant.
Results

Preparation and characterization of shDl
A schematic of WGA-TA-and dye-loaded sHDL nanoparticle preparation is shown in Figure 1 . Phospholipids, 22A peptide, and drug/dye were first dissolved in organic solvent and lyophilized. The resulting powder was hydrated above phospholipid melting temperature (T m ) to facilitate nanoparticle assembly and drug incorporation. A 1:2 weight ratio of 22A to phospholipids was used, because it is known to result in the formation of homogeneous HDLs 10-12 nm in diameter. 34 The theoretical loading of WGA-TA was set at 1% (0.3 mg/30 mg peptide-lipid mixture). Following assembly, sHDL-drug nanoparticles were passed through the desalting column (7,000 Da) to remove unincorporated drug and determine WGA-TA encapsulation efficiency (Table 1) .
Due to the limited space available for incorporating drug inside sHDL, molecular interactions between phospholipids and WGA-TA are rather important. Fatty-acid chain length and saturation determine T m and the resulting fluidity of the phospholipid bilayer, which is important for incorporation and retention of WGA-TA in sHDL. We used phospholipids of different T m to prepare WGA-TA-sHDL nanoparticles: DPPC (T m 41°C), SM (T m 38°C), DMPC (T m 23°C), POPC (T m -3°C), and their mixtures. 21 The visual appearance of the resulting suspension correlated with both the size and the quality of the resulting nanoparticles, with clear solutions correlating 
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Kuai et al with the formation of 10-12 nm sHDL particles and cloudy solutions indicating HDL aggregation and drug precipitation. When WGA-TA-sHDL was prepared with DPPC and/or SM, nanoparticle solutions were clear at 50°C, but cloudy at both 37°C and 20°C, indicating drug precipitation at temperatures below T m . When DMPC (T m 23°C) was used to prepare nanoparticles, drug-loaded sHDL was clear at 50°C and 37°C but cloudy at 20°C. Samples with cloudy solutions showed a loss of drug upon passage through the desalting column and low encapsulation efficiency of 31%-50% (Table 1) .
Lipids with a low transition temperature, such as POPC and DOPC, failed to form sHDL, so they were not used for the preparation of drug-loaded sHDL. However, the mixture of DMPC and POPC resulted in successful loading of WGA-TA into sHDL and clear sHDL solutions at all temperatures tested. For this formulation, drug encapsulation efficiency of 78% was obtained, which corresponded to 0.78% of WGA-TA weight loading. This formulation was selected for additional analytical characterization and was used in cell culture and animal experiments.
characterization of Wga-Ta-shDl nanoparticles
To examine the purity and size of the WGA-TA-sHDL nanoparticles, blank and drug-loaded sHDL nanoparticles were analyzed by GPC, DLS, and TEM. GPC confirmed the formation of homogeneous WGA-TA-sHDL distribution without the presence of large nanoparticle aggregates or unbound 22A peptide (Figure 2A ). DLS measurement showed narrow size distribution for sHDL and WGA-TA-sHDL of 9.7±0.61 nm and 9.81±0.41 nm, respectively. Consistent with DLS and GPC data, TEM results also showed that the formulation had homogeneous discoid WGA-TA-sHDL nanoparticles with an average size of ~10 nm ( Figure 2B and C) . This size and shape closely resembled the characteristics of endogenous HDL nanoparticles. 15 To examine drug-release kinetics, WGA-TA-sHDL nanoparticles were placed in a dialysis bag and incubated in sink conditions in 200 mL of PBS containing 0.1% Tween 80 for 24 hours. To compare nanoparticle release with free drug, the same amount of WGA-TA-sHDL was dissolved in 50% dimethyl sulfoxide and placed in a dialysis bag. The free drug was rapidly released to the media, with almost 100% release within 10 hours ( Figure 2D ). In contrast, the release of WGA-TA from sHDL was relatively slow, with ~46% released to the media within 10 hours and 65% released within 24 hours. These results indicated that the encapsulation of WGA-TA into sHDL significantly altered drug-release behavior. 
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Quantification of SRB1 on ACC cells
To select ACC cell lines for evaluation of sHDL cellular uptake and WGA-TA-sHDL cytotoxicity, we examined SRB1 expression in various ACC cell lines by measuring mRNA levels using RT-PCR and protein levels by Western blot analysis (Figure 3 ). Actin was used as internal control for RT-PCR, and actin immunoblot confirmed equal loading of protein per well. Steroid hormone-synthesizing H295R cells were found to have much higher mRNA and protein expression levels of SRB1 compared to the other two human ACC cell lines, SW13 and RL251 (P0.0001), which do not synthesize steroid hormones. Therefore, H295R was selected to assess cellular uptake and cytotoxicity of WGA-TA-sHDL.
cellular uptake of shDl
To determine if our sHDL was recognized by SRB1 and capable of delivering its cargo to the target cells efficiently, DiO-loaded sHDLs were incubated with high (H295R) and low (SW13) SRB1-expressing ACC cell lines for 2 hours (Figure 4 ). After incubation, cells were imaged by confocal microscopy, and DiO fluorescence in cells was quantified by flow cytometry. It is clear from the image that SRB1-positive H295R cells effectively internalized DiO-labeled sHDL, 
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Kuai et al in contrast to SW13 cells, which showed limited dye uptake. The addition of anti-SRB1 antibody or excess of blank sHDL nanoparticles reduced dye uptake in H295R cells, confirming the involvement of SRB1 ( Figure 4A ). Fluorescence quantification by flow cytometry confirmed visual observations ( Figure 4B ). More than 80% of H295R cells showed a positive DiO signal, while 10% of SW13 cells showed DiO uptake. Preincubation of H295R cells with anti-SRB1 antibody or blank sHDL reduced dye uptake by 2.5-fold and 20%, respectively, confirming the interaction between SRB1 and sHDL nanodisks. Based on these results, H295R cells were selected to confirm cytotoxicity and in vivo efficacy of WGA-TA-sHDL nanodisks in ACC.
cytotoxicity of Wga-Ta-loaded shDl
The cytotoxicity of WGA-TA-loaded sHDL nanodisks was evaluated by MTS-proliferation assay in the H295R cell line. Cells were treated with varying concentrations of sHDL, free WGA-TA, or WGA-TA-loaded sHDL nanodisks for 72 hours, and the viability of the cells was then analyzed 
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Withalongolide delivery via hDl nanodisks in acc ( Figure 5 ). The results indicated that compared to either sHDL or WGA-TA alone, WGA-TA-loaded sHDL nanoparticles had improved cytotoxicity (reduction in cell viability with lower IC 50 levels by quantitative curve fitting using GraphPad 5.0). IC 50 calculated by quantitative curve fitting using GraphPad 5.0 was 0.26±0.045 μM for WGA-TA-sHDL and 0.492±0.115 μM for WGA-TA (P0.05). Blank-sHDL treatment showed some cytotoxicity, likely due to the ability of sHDL for cholesterol efflux and inhibition of corticosteroid synthesis, as previously reported, 35 but sHDL cytotoxicity was observed at a higher concentration relative to WGA-TA-sHDL (IC 50 corresponding to 8.63±1.52 μM WGA-TA [P0.05] and equivalent to 0.13±0.02 mg/mL of 22A peptide). The presence of SRB1 antibody significantly decreased the cytotoxicity of WGA-TA-sHDL in H295 cells, with a 2-fold decrease and 4.8-fold decrease in viability for 2.5 μM and 5 μM WGA-TA-sHDL, respectively, indicating the uptake of WGA-TA-sHDL was at least partially mediated by SRB1 receptors.
In vivo biodistribution of fluorophoreloaded shDl
Efficient accumulation throughout individual tumors is important for the targeted delivery of anticancer drugs. In order to test the ability of our sHDL to accumulate in tumor regions efficiently, DiR-loaded sHDL nanodisks were prepared and administered by IV or IP routes into athymic mice bearing H295R tumors, which express high levels of SRB1 receptors ( Figure S1 ). At 24 hours following the injection, biodistribution of DiR-sHDL was examined by imaging individual organs ( Figure 6 ). The imaging clearly demonstrated that tumors harvested 24 hours after IV or IP injection had efficient accumulation of sHDL-cargo DiR, providing direct evidence of in vivo ACC targeting with sHDL. As expected, strong fluorescence signals from the liver were observed, given that the liver is the major organ for elimination of nanoparticles. Accumulation of sHDL nanodisks in other organs was significantly less compared to that in the liver or tumors. Since IV and IP injection showed similar distribution profiles of sHDL-DiR (P.0.05), for subsequent efficacy study in H295R xenografts, WGA-TA-sHDL was administered by the IP route.
Tumor growth inhibition in vivo
The ability of WGA-TA-sHDL nanodisks to inhibit ACC growth in vivo was tested in H295R xenografts, which exhibited high levels of SRB1 expression in tumors ( Figure S1 ). Once tumor volume had reached ~100 mm 3 , the tumor-bearing mice were randomly assigned to one of the five treatment groups. The control group received no treatment, while the other groups received blank sHDL, free WGA-TA, WGA-TA-sHDL, or Italian standard-of-care protocol (etoposide, doxorubicin, cisplatin, and mitotane) by IP administration daily for 21 days. Following the start of treatment, tumor volumes were assessed every 3 days (Figure 7 ). H295R is a very aggressive and rapidly growing tumor with high animal-animal variability and rapid growth kinetics, making this tumor very difficult to cure. The results from the study, Figure 5 cytotoxicity of free Wga-Ta, Wga-Ta-shDl, and blank shDl on h295r cells. Notes: (A) H295R cells were incubated with indicated formulations for 72 hours at 37°c, and viability was determined by cellTiter 96 aqueous nonradioactive cell proliferation assay. (B) H295R cells were pretreated with the SRB1 antibody (1:100 dilution) or PBS for 1 hour before incubation with indicated concentrations of WGA-TA-sHDL for 24 hours. Viability was measured using the same method described in A. **P0.01, and ****P0.0001. Abbreviations: PBs, phosphate buffered saline; shDl, synthetic high-density lipoprotein; Wga-Ta, withalongolide a 4,19,27-triacetate.
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Kuai et al however, showed significant differences in tumor volume between the no-treatment control and the WGA-TA-sHDL group at the end of treatment (P0.01). No statistical differences between other groups were observed. Importantly, we did not see any significant change in serum ALT and AST levels, as both were in the normal range for all treated groups following 21-day treatment ( Figure 7B ). Moreover, livers from all experimental groups were normal ( Figure 7C ). Although mice treated with both free WGA-TA and WGA-TA-HDL had lower body weights than other groups, it should be noted that part of the body weight decrease for WGA-TA-HDL can be ascribed to tumor volume 
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Withalongolide delivery via hDl nanodisks in acc decrease following treatment. Compared to the free drugtreated animals that had much larger tumors and lower body weights, WGA-TA-sHDL treatment decreased side effects of WGA-TA in vivo ( Figure S2 ).
Discussion
Here, we encapsulated WGA-TA, a novel natural product, in sHDL nanodisks and showed its utility in the translational treatment of ACC. The composition of sHDL was optimized based on the encapsulation efficiency of WGA-TA in sHDL. WGA-TA-sHDL nanodisks were prepared using the same methodology and ApoA 1 peptide (22A):phospholipid ratio that was previously optimized for the manufacturing of clinical-grade sHDL cardiovascular treatments. By utilizing clinically tested methodologies and sHDL compositions, we obtained sHDL nanodisks with a high level of purity and homogeneous size distribution, while avoiding the laborious steps of purification. We also identified an ACC cell line that shows a high level of SRB1 expression and confirmed the ability of these tumor cells to take up sHDL cargo both in vitro and in vivo. These features make sHDL a promising platform for the targeted delivery of therapeutic drugs to ACC.
ACC is usually a fatal disease, due to its late stage at the time of diagnosis and lack of effective treatment options available for preventing tumor progression. 3 We have recently identified novel naturally derived withanolides as potential ACC therapeutics, due to their ability simultaneously to target multiple signaling pathways involved in ACC development and growth. Our results showed that our lead compound, WGA-TA, had potent antiproliferative activity against ACC in vitro, inducing cell cycle arrest and apoptosis, as well as modulating key pathway proteins in the Notch, MAPK, and PI3K-Akt-mTOR signaling pathways in ACC, along with downregulation of HSP90 function and expression. 4 Although WGA-TA showed high potency and selectivity in ACC in vitro, these compounds have low aqueous solubility and thus could benefit from incorporation into the lipid core of sHDL nanodisks for improved and more targeted delivery to ACC tumor cells. 25 The successful incorporation and retention of drugs in sHDL nanodisks depends on the interaction between the cargo and sHDL itself. For example, the lipid composition of sHDL can affect drug loading. 21 In addition, hydrophobic molecules can be preferentially incorporated in sHDL, while hydrophilic molecules require covalent attachment to sHDL or chemical modification in order to be loaded in sHDL. 15, 36 In the current study, we optimized the sHDL lipid composition to maximize encapsulation efficiency.
Next, we examined the expression of SRB1 at both the mRNA and protein levels. Both RT-PCR and Western blot protein analysis confirmed that SRB1 receptors were overexpressed in ACC, particularly in the H295R cell line. When DiO-sHDL was incubated with cells expressing different levels of SRB1, only cells with elevated SRB1 expression exhibited significant uptake of DiO, while cells with low SRB1 expression exhibited limited uptake of DiO. Moreover, H295R DiO-sHDL uptake was reduced by preincubation with anti-SRB1 antibody or excess blank sHDL. We also confirmed the effective accumulation of DiR-sHDL in the tumor regions of H295R tumor-bearing mice. However, in all cases, the selective uptake of sHDL cargo both in vitro and in vivo by SRB1-expressing tumor cells was demonstrated only for DiO dye, rather than WGA-TA, due to analytical limitations in detection of the drug molecule. The selective delivery of WGA-TA to ACC cells and tumors in vivo, as well as any changes in WGA-TA plasma half-life, will be evaluated in future studies following the establishment of a mass spectrometry-based drug detection method.
WGA-TA-sHDL nanodisks showed superior cytotoxicity compared to free WGA-TA or blank sHDL in the H295R ACC cell line, possibly indicating an advantage in using sHDL for WGA-TA delivery. Surprisingly, blank sHDL nanodisks were still able to inhibit ACC cell viability at highenough concentrations. This effect may be due to cholesterol efflux by sHDL from H295R cells through SRB1, which is known for being a bidirectional transporter, or via passive efflux from cell plasma membranes. 37, 38 The ability of sHDL for cholesterol efflux via SRB1 or by passive efflux has been confirmed in previous studies. 39 In addition, sHDL has been shown to cause cholesterol efflux and inhibition of cortisol production in noncancerous HAC16 adrenocortical cells. 35 The synergy between sHDL-induced cytotoxicity and traditional chemotherapeutic agents in H295R and SW13 cells has also been previously reported. 28 Therefore, some of the improved cytotoxicity of WGA-TA-sHDL could be due to synergistic effects between sHDL and WGA-TA.
While several other chemotherapeutic agents have been incorporated in HDL nanoparticles for targeted delivery, 29, 30, [40] [41] [42] the approach described here offers several distinct advantages with respect to the ease of clinical translation. Most biomimetic HDL nanoparticles are assembled using the full-length ApoA 1 protein, 15 which is technically difficult and costly to produce, making ApoA 1 -based HDL delivery not commercially feasible. In addition, given the amphiphilic nature of the protein, ApoA 1 tends to aggregate and bind to endotoxin and host cell proteins, resulting in low production yields and difficulty in scaling up. 43, 44 Moreover, most drug-loaded sHDL is prepared by a cholate dialysis process, which requires purification postassembly in order to isolate nanoparticles of the desired size range and remove residual cholate that could be toxic to the liver in clinical settings. 45 In contrast, we used an ApoA 1 peptide, which was selected from nearly 200 peptide sequences and produced at kilogram scale by chemical synthesis. Moreover, this peptide has completed toxicology and Phase I clinical evaluations. 26, 46 The sHDL particles were assembled by a simple process that involves colyophilization of 22A peptide, phospholipids, and WGA-TA in organic solvent and self-assembly of sHDL nanodisks upon hydration in buffer. In addition, the same methodology has been used to prepare ETC642-blank sHDL, which has been examined in single-and multiple-dose clinical trials for treatment of cardiovascular diseases. 15, 24, 25 Therefore, prior clinical experience could facilitate the translation of 22A peptide-based sHDL drug delivery nanodisks.
In summary, we optimized the composition of sHDL for the delivery of a novel lipophilic natural product -WGA-TA. When WGA-TA was loaded into sHDL, this formulation was shown to kill SRB1-expressing H295R cancer cells more efficiently than free drug alone in vitro. In addition, sHDL cargo molecules accumulated in tumor regions of ACC in vivo, and the WGA-TA-sHDL formulation was more effective in halting the growth of ACC tumors than the Italian standard-of-care protocol. Taken together, sHDL delivery could represent a more useful drug delivery platform for hydrophobic chemotherapeutics in such tumors as ACC that overexpress SRB1 and should be further evaluated for potential clinical application. Additionally, this unique drug delivery strategy could be applied in the delivery of hormones, steroids, and other therapeutic agents in treating other adrenal diseases.
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